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Magnetic Resonance Force Microscopy (MRFM) is a powerful technique to detect a small number 
of spins that relies on force-detection by an ultrasoft magnetically tipped cantilever and selective 
magnetic resonance manipulation of the spins. MRFM would greatly benefit from ultralow temper- 
ature operation, because of lower thermomechanical noise and increased thermal spin polarization. 
Here, we demonstrate MRFM operation at temperatures as low as 30 mK, thanks to a recently 
developed SQUID-based cantilever detection technique which avoids cantilever overheating. In our 
experiment, we detect dangling bond paramagnetic centers on a silicon surface down to millikelvin 
temperatures. Fluctuations of such kind of defects are supposedly linked to 1// magnetic noise 
and decoherence in SQUIDs as well as in several superconducting and single spin qubits. We find 
evidence that spin diffusion plays a key role in the low temperature spin dynamics. 



Magnetic Resonance Force Microscopy (MRFM) is a 
scanning probe technique based on coupling a soft mag- 
netic tipped cantilever to the spins of a sample, and 
measuring the tiny force arising from spin manipulation 
through Magnetic Resonance techniques. The spatial se- 
lectivity in MRFM is provided by the strong field gra- 
dient generated by the magnetic tip, similar to external 
field gradients used in conventional MRI. MRFM is nowa- 
days considered one of the most viable routes towards 
three-dimensional imaging of biomolecules or nanostruc- 
tures with atomic resolution. While this ambitious goal 
has not been reached yet, several milestones have already 
been demonstrated, including mechanical detection of a 
single electron spin T and 3D nuclear spin imaging of a 
virus with a few nanometers resolution . 

Present limiting factors on MRFM resolution are the 
thermal-noise-limited force sensitivity of the cantilever, 
and a surface-induced frequency and force noise, which 
is poorly understood [3]. Besides a better characteri- 
zation of the latter effect, further improvements require 
softer and less dissipative mechanical sensors and if pos- 
sible reduction of operating temperature. So far, MRFM 
has been demonstrated at temperatures as low as 280 
mK [3]. Cooling below 100 mK would both improve the 
force sensitivity and increase the Boltzmann spin polar- 
ization, thereby increasing the signal. The last consider- 
ation doesn't hold for small nuclear spin ensembles, for 
which statistical polarization becomes dominant for small 
spin ensemble [5], unless temperatures below 1 mK can 
be achieved. 

A known issue for ultralow temperature operation is 
the need for a suitable cantilever detection technique. 
Interferometric detection is an option, but exceedingly 
low power would be needed to avoid cantilever overheat- 
ing, unless advanced dielectric mirrors are used to re- 
duce photon absorption in the mirrors. We have recently 
demonstrated a SQUID-based detection technique, capa- 
ble of measuring the thermomechanical fluctuations of a 
cantilever down to 25 mK The scheme is based on 
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FIG. 1: Experimental scheme, (a) Schematic of the ex- 
perimental setup. An ultrasoft cantilever (stiffness k « 10~* 
N/m) with a ferromagnetic particle, the magnet, attached on 
its end (magnetic moment ^ ~ 10~^^ A/m) is approached in 
a vertical configuration to the surface of the detection chip. A 
superconducting niobium pick-up coil deposited on the chip 
surface is connected to a dc SQUID. The pick-up coil detects 
the motion of the magnet through the position-dependent 
magnetic flux (f) coupled by the magnet into the coil. The 
magnet generates a quasistatic field B(, which couples to the 
sample, constituted by paramagnetic electron spins close to 
the Si-Si02 surface of the chip. A rf current Jrf fiowing in the 
superconducting niobium microwire generates the B\ field at 
microwave frequency which excites the electron spins in the 
sample, (b) Optical microscope picture of the assembled setup 
for the first experimental run, with a multiturn pick-up coil 
and without the microwire. The scale bar is 200 /xm. 



detecting the flux change induced in a pick-up coil by the 
motion of the magnet attached to the cantilever. 

In this paper, we demonstrate for the first time that 
this detection system can be readily integrated in a real 
MRFM experiment. As a case study, we have mechani- 
cally detected paramagnetic centers located close to the 
surface of the chip supporting the superconducting pick- 
up coil, and subsequently we have performed a MRFM 
saturation- recovery experiment. Paramagnetic centers 
appear to be almost ubiquitous on thin film surfaces and 
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interfaces [7], with typical density of the order of 0.1 — 1 
nm~^, and have been recently subject of various studies, 
because they are possibly related to the 1// magnetic 
noise observed in SQUIDs at millikelvin temperatures 
[8HTT|. The same magnetic noise appears to be a ma- 
jor source of dephasing in some superconducting qubits 
[12 US], and in single dopant qubits [HI [TS]. Several 
different mechanisms for 1 // noise generation have been 
recently proposed, based on electron hopping [THl |I7| or 
spin diffusion [IS] . Our measurements support a picture 
in which spin diffusion plays a key role in the dynamics of 
surface paramagnetic centers at millikelvin temperatures. 



RESULTS 
Experimental scheme 

A general scheme of our experimental is shown in 
Fig. [T] An ultrasoft microfabricated silicon cantilever 
with a micron-size spherical magnetized particle attached 
to its end (from now on, the magnet) is approached verti- 
cally to the sample chip surface. The cantilever stiffness 
k is in the 10~^ N/m range and the magnet moment /i is 
of the order 10^^^ A/m. Assuming the z-axis perpendic- 
ular to the chip surface, both the magnetic moment of the 
magnet and the cantilever fundamental mode deflection 
are oriented along the x-axis. The motion of the magnet 
is detected by a superconducting pick-up coil which is 
connected to a SQUID amplifier [5]. The xy position is 
aligned at room temperature so that the cantilever will 
still be several tens of microns away from the supercon- 
ductor lines, when it approaches the surface. The magnet 
thus interacts mostly with the oxidized silicon surface of 
the chip. 

We measured the frequency of the cantilever funda- 
mental mode under different experimental conditions, 
varying the temperature and the distance from the sam- 
ple, and exposing the sample to microwave radiation. Far 
from the surface, the cantilever frequency is around 3 
kHz. The quality factor is about 3 x 10'* and is reduced 
to about 1000 close the the surface at very low tempera- 
ture. A detailed report and discussion on the dissipation 
measurements will be the subject of a future paper. We 
present data from two experimental runs with slightly 
different cantilevers, magnets and samples (see Methods 
for details). 



Experiment 1: static frequency shift 

In experiment 1, we accurately measured the resonant 
frequency of the cantilever fundamental mode fr as a 
function of both temperature and distance from the sur- 
face, constituted by a 300 nm thick Si02 layer on a Si 



substrate [TH]. We excited the cantilever with a piezo- 
electric actuator and performed both ringdown measure- 
ments and frequency sweeps. Representative experimen- 
tal results are shown in Fig.|2^, where the frequency shift 
induced by the sample surface is plotted as a function of 
the distance d between the magnet center and the sur- 
face. The power-law dependence and the persistence of a 
relatively large effect at distances of the order of a few mi- 
crons rule out short-range van der Waals interactions and 
point to either electrical or magnetic interactions. Fig.[2]3 
shows the frequency shift as a function of temperature for 
4 different distances between the magnet center and the 
surface. The data of each curve are normalized to their 
maximum value measured at low temperature to provide 
an easy comparison of the curves. A Curie-like 1/T de- 
pendence is clearly observed for temperatures higher than 
100 mK. This feature is common to all curves, suggesting 
that the cantilever is indeed coupled to a paramagnetic 
spin system, for which the polarization increases with de- 
creasing temperature. The low temperature saturation in 
Fig. [2|d, together with the anomaly at low distance and 
low temperature in Fig. [2^ could indicate either a full 
polarization of the spins, or a saturation of the effective 
spin bath temperature. 
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FIG. 2: Static frequency shift as a function of magnet- 
surface distance and temperature, (a) Resonant fre- 
quency shift Afr = fr — frO in experiment 1 as a function of 
the distance between magnet center and sample surface, for 
two representative bath temperatures, T=ll mK and r=450 
mK. Here, fro is the resonant frequency measured when the 
magnet is far away from the surface. Straight line shows a 
log-log linear fit of the 450 mK data, with slope coefficient 
n = —5.0 ± 0.2. (b) Resonant frequency shift Afr in experi- 
ment 1, as a function of temperature, for 4 different distances 
between magnet center and sample surface, respectively 6.5 
/im (blue), 4.7 jj,m (green), 2.5 fim (red), 1.8 mum (black). In 
order to provide an easy comparison of the curves, the data 
are normalized to the maximum of each curve. The dashed 
violet line represents the 1/T Curie-like behaviour. 

In order to account for these observations, we built a 
simple model to estimate the effect of a layer of para- 
magnetic spins on the sample surface. Assuming that 
the longitudinal relaxation time is much longer than 
the cantilever period, the spring constant induced in 
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the cantilever by an individual electron spin with mag- 
netic moment /Lie is given by ks = —^ePBxx, where 
P = tanh (neBQ/kBT) is the Boltzmann polarization fac- 
tor and is the second derivative of the magnet field 
Bq with respect to magnet position. As illustrated in 
Fig. [3j kg is positive for spins close to the magnet and 
negative for spins far away from the magnet. Integration 
over a uniform surface layer with spin density a gives the 
total spring constant change, from which the frequency 
shift can be calculated. 

According to the model, we expect a dependence on 
distance as d", with — 6 < n < — 5 slightly dependent on 
distance and temperature. Experimental data of Fig. [2^ 
are consistent with this prediction. Furthermore the 
model predicts the observed high temperature l/T de- 
pendence in Fig. [2]3. A fit of the data in the l/T region 
yields a density of (0.6 ± 0.1) spins/nm^. This figure is 
reasonably close to the estimates of paramagnetic defects 
densities in different thin film structures using other tech- 
niques [71 llOj , in particular it is consistent with recent 
estimates of the density of dangling bond paramagnetic 
centers, so called Pb centers, on Si-Si02 interfaces using 
single dopant techniques [13]. As we are probing a Si- 
Si02 interface, the magnet is likely coupled to this latter 
kind of defects. In principle, electron spins or nuclear 
spins in the bulk could be coupled to the magnet as well, 
but for an undoped silicon substrate their effect has been 
estimated to be at least 2 orders of magnitude smaller. 

It is worth mentioning that several past studies on non- 
contact interaction between a cantilever and a surface, fo- 
cusing mostly on non-contact friction, found effects due 
to an interaction of electrical nature, rather than mag- 
netic [201 [21]. However, non-contact electrical effects are 
usually found to decrease with decreasing temperature 
and show a weaker power-law dependence on distance 
(n w 1 — 3) than that we have measured. Therefore, 
our claim that the measured frequency shift is due to a 
magnetic interaction with a layer of spins is not in contra- 
diction with previous works. In fact, our measurements 
are performed at much lower temperature, and we use 
a relatively large magnet, so that magnetic effects are 
strongly enhanced. 

Experiment 2: microwave-induced frequency shift 

In experiment 2 we have applied magnetic resonance 
pulses to selectively address different spin subsets. In 
this experiment we used a different detection coil chip, 
fabricated in a different laboratory with different fabri- 
cation protocols. A frequency shift measurement as a 
function of temperature has been performed as in exper- 
iment 1, for a fixed distance d = 3.6 /im, which yields a 
spin density a — (0.20 ± 0.05) spins/nm^ slightly lower 
compared to experiment 1. Spin manipulation was en- 
abled by a niobium microwire, 15 fim wide, deposited at 
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FIG. 3: Model of the magnet coupled to a layer of elec- 
tron spins, (a) Scheme of the magnet on the cantilever ap- 
proaching the surface. It illustrates the fact that surface elec- 
tron spins are polarized by the magnet dipole field in different 
directions, and therefore contribute to the cantilever spring 
constant with both positive and negative sign, depending on 
the position, (b) Simulated change of the cantilever spring 
constant ka induced by a spin located on the surface (black 
thick line) and magnetic resonance frequency / = ^Bo/2n 
(orange line) as a function of the coordinate x, for y = 0. 
The parameters correspond to the conditions of experiment 
2, with the center of the magnet located at a distance d = 3.6 
^m from the surface above the origin of the xy plane. The 
vertical stripes indicate the location of the resonant slices de- 
termined by the labelled microwave frequencies. 



50 /im from the detection coil, through which we could 
deliver an effective microwave power at low temperature 
up to —17 dBm in a frequency range up to 4 GHz. In this 
experiment, the magnet on the cantilever was located at 
a relatively large distance of 70 /im from the wire. 

The microwave field Bi = I /zT generated in the vicin- 
ity of the magnet was used to saturate the polarized 
spins, using the so called CERMIT saturation-recovery 
protocol The microwave power is switched on for 

a given time, of the order of the longitudinal relaxation 
time Ti, ranging from a few tens of milliseconds up to 
a few seconds. The microwave frequency /rf = a;rf/27r 
defines the resonant slice of spins satisfying the reso- 
nant condition = jBq, where 7 is the gyromagnetic 
ratio, within a bandwidth determined by the homoge- 
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neous broadening. The microwave pulse causes satura- 
tion and hence suppression of the polarization of the 
resonant spins. Subsequently the microwave power is 
switched off and the thermal equilibrium polarization is 
allowed to recover. According to standard Bloch equa- 
tions, the timescale of the polarization suppression pro- 
cess is of the order of Ti in the undersaturated regime, 
and 1/ {j'^B1T2) in the saturation regime, where T2 is 
the transverse relaxation time, while the timescale of the 
recovery process is given by Ti. We note that in our 
scheme Bi is parallel to the z axis, and is not purely 
transverse to the inhomogeneous dipole field gener- 
ated by the magnet, as in conventional magnetic reso- 
nance. While this would be clearly an issue in a pulsed 
magnetic resonance scheme, it is not a major concern for 
a saturation experiment. All spins in the resonant slice 
will be saturated, except a small fraction of them which 
feel an almost vertical magnetic field field. 

To monitor the frequency shift during the saturation- 
recovery transients, the cantilever is self-oscillated in a 
phase-locked loop with a 50 Hz bandwidth. We main- 
tained a constant cantilever distance d — 3.6 //m and 
therefore a constant field Bq throughout the following 
measurements, while we could address different resonant 
slices by varying the microwave frequency. 

The resulting saturation-recovery curves for different 
microwave frequencies /rf and a nominal power of —23 
dBm are shown in Fig. [4] The measurements were done 
at a bath temperature of 30 mK. It is apparent that ad- 
dressing different resonant spins yields qualitatively dif- 
ferent behaviours. For /rt = 1.25 GHz the frequency 
shift is positive, and both transients are slightly non- 
exponential, with a faster initial behaviour followed by a 
slower relaxation. For /^f = 4.2 GHz we find a negative 
signal and exponential relaxation. The physical origin 
of the sign change is easily understood by inspection of 
Fig. [3j Frequencies around 4 GHz select high field spins 
close to the magnet, which give a positive contribution 
to the frequency shift, while frequencies around 1 GHz 
select low field spins far away from the magnet, giving a 
negative contribution. Temporarily removing the polar- 
ization of these spins gives the signal with the signs we 
have observed. Finally, at an intermediate frequency of 
2.7 GHz we observe a mixed behaviour, with an initially 
positive transient, which then develops into a net nega- 
tive frequency shift. In general, the recovery relaxation 
is characterized by a slow time constant of the order of 
1-2 seconds, slightly dependent on the resonant slice. 



DISCUSSION 

The observed behaviour at intermediate frequency can 
hardly be explained in terms of a simple Bloch equa- 
tion model. Instead, we interpret these data as evidence 
of spin diffusion mediated by flip-flop processes, which 




FIG. 4: Microwave-induced frequency shift: satura- 
tion and recovery. Cantilever frequency shift as function 
of time for 3 different frequencies of the applied microwave 
pulses, respectively from the top to the bottom 4.2 GHz 
(red), 2.7 GHz (blue), and 1.25 GHz (green). Here, a mi- 
crowave power of -23 dBm (corresponding to a field « 1 yTS) 
is switched on at t = and switched off at t = 1 s. The shaded 
region indicates the time during which the microwave power is 
on. At 1.25 GHz the microwave signal induces a positive tran- 
sient with non-exponential features, while the 4.2 GHz pulse 
induces a negative exponential transient. At an intermediate 
frequency of 2.7 GHz a double transient with opposite sign is 
observed both when switching on and off the microwave. 



spreads the local suppression of polarization through- 
out the sample. Spin diffusion also explains the non- 
exponential behavior at 1.25 GHz. We have checked the 
faster saturation transient at 1.25 GHz for shorter mi- 
crowave pulses, finding that the amplitude of the fast fre- 
quency response is roughly independent of the microwave 
power for powers higher than -23 dBm. This rules out di- 
rect spurious crosstalk and suggests that the fast response 
is instead related with the saturation of local spins, fol- 
lowed by a slower diffusion to non-resonant spins. 

We now discuss whether a spin diffusion mechanism is 
expected to be significant in our experiment. A theory of 
spin diffusion in an inhomogeneous field was developed in 
the framework of NMR experiments [27 . A key point is 
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that a flip-flop process between two spins in the presence 
of a magnetic field gradient is not energy-conserving, so 
the difi'usion requires that the spin dipolar bath takes 
up the excess energy. An important consequence is that 
diffusion can be quenched by sufficiently large gradients 
[21] . Application of the model to real situations is gener- 
ally tricky |25j . requiring large simulations, but some ba- 
sic features can be estimated by simple arguments. The 
diffusion process is controlled by the diffusion constant 
D = Wa^. Here, a — a~^/^ is the mean distance be- 
tween neighbouring spins, and W is the rate of a flip- 
flop process between two spins. W can be estimated as 
W « (5/30, with the resonant line width S given approx- 
imately by \26\ : 



For our spin density, we estimate a diffusion constant 
_D ss 20 /im^/s. A local perturbation of the polarization 
from its equilibrium value will diffuse across the sample 

1/2 

to an approximate diffusion length Ld — {DTi) ' . If 
we assume the measured recovery relaxation time r ~ 1 
s as an approximate estimation of Ti, the correspond- 
ing diffusion length becomes Ljj w 4.5 /^m, which is of 
the order of the characteristic length of the spin system 
probed by the magnet. This means that spin diffusion 
can indeed spread the polarization transient throughout 
the sample. A simplified model supporting this picture 
qualitatively is described in the Supplementary Note, and 
relevant numerical simulations are presented in Supple- 
mentary Figures SI and S2. On the other hand, if Ti were 
much shorter, the diffusion length would be suppressed 
as direct or indirect spin-phonon relaxation would be- 
come dominant. As we expect a temperature dependence 
of Ti, we measured the relaxation time t in the recov- 
ery transient as a function of temperature (Fig. [5| . We 
find that the non-exponential features of the transient 
are suppressed at higher temperatures and the relaxation 
rate 1/t is increasing approximately according to a power 
law. A fit of the experimental data with the function 
A + BT"^ gives for the exponent the value n = 2.5 ± 0.2. 
Here, a finite value of A accounts for a possible saturation 
of the spin equilibrium temperature. The temperature 
dependence of l/r is roughly comparable with previous 
EPR studies on Pf, centers |27j, which have determined 
l/Ti ~ 10 s~^ at 400 mK and a power-law exponent 
2.3 < n < 3.5. 

Because spin diffusion is spreading polarization across 
the sample, it is hard to define the number of spins 
generating the frequency shift signals shown in Fig. [4] 
However, we can try to estimate an effective number of 
spins at least for the resonant slice at 1.25 GHz, which 
shows evidence of saturation of the resonant spins. Re- 
ferring to Fig. |3j the thickness of the resonant slice can 
be estimated from the spin resonance linewidth 5 as 
Aa; = 5 / \ 2TTdf / dx\, where / is the spin magnetic res- 
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FIG. 5: Recovery relaxation rate as a function of tem- 
perature. Relaxation rate of the frequency-shift signal in the 
recovery transient (see Fig. |4| l/r as a function of the bath 
temperature T. The solid line represents the best fit of the 
data with the function A-\-BT^ , which gives for the exponent 
of the temperature dependent term the value n = 2.5 ± 0.2. 

onance frequency (orange line). Approximating the res- 
onant slice with a circular annulus of radius x and thick- 
ness Ax, the total number of spins in the slice becomes 
N 27rcra;Ax. Each spin contributes with kg (black line 
in Fig. |3| to the total spring constant change Afc. The 
expected magnitude of the microwave-induced cantilever 
frequency shift, under the assumption that the resonant 
spins are saturated, is then given by: 

A/r ^^^/r ~ 7r/ry(TxAa; (2) 

For the 1.25 GHz shoe we find Ax w 43 nm, N w 
3.1 X 10^, and an expected frequency shift A/^ ~ 45 
mHz. This rough estimation is in reasonable agreement 
(within a factor 2) with the experimentally measured sig- 
nal shown in Fig. [4] in particular with the amplitude 
of the fast frequency response. This indicates that the 
microwave-induced frequency shift is consistent with the 
static frequency shift, from which we have inferred the 
spin density cr, giving further support to the hypothesis 
that the static effect is indeed due to a magnetic interac- 
tion with the paramagnetic spins. 

We now discuss the possible connections of our find- 
ings with the 1// magnetic noise observed in thin-film 
devices such as SQUIDs and superconducting qubits. Re- 
cent models point to fluctuations of unpaired paramag- 
netic electron spins as a likely origin of this excess noise. 
In particular, a model of 1// noise from spin diffusion 
in paramagnetic defects located in the superconductor- 
insulator interface has been proposed [18]. In this model, 
the emergence of 1// noise is related to long-range 
low-frequency spin correlations driven by spin diffusion, 
whose typical scale is determined by the diffusion length. 
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Diffusion constants in the range of 10 — 100 /Ltm^/s, as 
estimated in our experiment, imply correlation times of 
seconds on a 10 /im length scale, which should couple 
to the typical size of most thin film devices very well. 
Thus, we suggest that Pb centers in the insulator interface 
could be partly responsible for the magnetic noise gener- 
ation as well. This is in contrast with Ref. [TH], where 
spin densities two orders of magnitude smaller were as- 
sumed for paramagnetic centers in the insulator, leading 
to the conclusion that their role is negligible. Another 
relevant point is the enhancement of spin diffusion by 
cooling down to a temperature of the order of 100 mK, 
due to the observed strong dependence of competing re- 
laxation mechanisms on temperature (Fig. [5]) . This is in 
agreement with the typical feature of magnetic 1// noise 
in SQUIDs and qubits, which increases sharply only when 
the temperature is reduced below 1 K [51 [3] ■ 

We conclude with the implications of these results for 
MRFM at ultralow temperature. The interaction of para- 
magnetic centers in the Si-Si02 interface with the mag- 
netic tip and with the spins in a sample leads to unde- 
sired cantilever damping and shortened spin coherence 
time, respectively. In order to advance further towards 
single atom imaging by MRFM, it will be necessary to 
either develop methods to shield the experiment from the 
Pfc centers, e.g. by applying a background magnetic field 
in combination with low temperatures to freeze Pf, cen- 
ters dynamics, or to resort to substrates that contain a 
sufficiently low concentration of paramagnetic defects. 

METHODS 
Experimental apparatus 

In the first experiment, the cantilever was a microma- 
chined IBM-type ultrasoft silicon beam [28] with length, 
width and thickness respectively 120 /zm, 5 /xm and 100 
nm. The magnet was a 3.3 /zm diameter spherical par- 
ticle from a commercial neodymium-alloy powder (Mag- 
nequench, type MQP-S-11-9) with saturation magnetiza- 
tion noMr = (1.3 ± 0.1) T [21]. The particle is glued to 
the free end of the cantilever by means of platinum elec- 
tron beam deposition and is subsequently magnetized in 
a 5 T field at room temperature. Its magnetic moment 
is estimated from the volume and the saturation magne- 
tization to be /i ~ 2 X 10~^^ A/m. In the second exper- 
iment, the length of the cantilever was 90 /xm and the 
magnet was 5.2 /im in diameter, with magnetic moment 
fi^Sx 10"" A/m. 

We also used two different detection-sample silicon 
chips. The first chip supports a multiturn niobium coil 
fabricated in a multilayer process, with inner and outer 
size of respectively 220 fim and 660 /im, a total number 
of 44 turns, and an estimated inductance of 0.6 /iH. After 
fabrication of the coil, a 300 nm thick insulating layer of 



silicon dioxide is deposited on the top of the chip by rf 
sputtering [19]. In the second experiment, we used a dif- 
ferent chip, containing a single loop square Nb pick-up 
coil, with 100 fiui size, and a 5 /xm niobium microwire 
for microwave excitation. There was no intentional oxide 
layer in addition to the native oxide. 

The flux change in the pick-up coil is measured by a 
two-stage Superconducting Interference Device (SQUID) 
amplifier with input inductance Li = 1.6 /xH and a con- 
stant flux noise of 0.6 /i(/io/%/Hz below 500 mK [g. In 
the second experiment we used an intermediate supercon- 
ducting transformer to match the pickup coil and SQUID 
inductance. The overall sensitivity of the SQUID-based 
displacement detector was a few pm/-\/Hz in both exper- 
iments. 

The cantilever was mounted on a piezo-motor, which 
allows to approach the chip surface with 170 nm 
steps. During the microwave saturation-recovery mea- 
surements, a piezo-tube actuator was used to drive the 
cantilever fundamental mode and a phase-locked loop 
was used to track the cantilever resonant frequency. The 
position of the cantilever was aligned at room tempera- 
ture so that the magnet approaches the sample on the 
dielectric in a position, which provides a reasonable cou- 
pling between the magnet motion and the coil, while 
maintaining the magnet more than 20 /im away from the 
superconducting lines. The whole assembly was mounted 
on a vibration isolation stage, which is thermalized to the 
mixing chamber of a cryofree dilution refrigerator with a 
base temperature of 10 mK. 
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